Fluorescence microscopy is the method of choice for the relatively non-invasive visualization of biomolecules in living cells because it allows selective and specific detection of molecules with high signal-to-background ratio. However, with increasing spatiotemporal resolution the prevention of photodamage effects in live-cell fluorescence microscopy becomes increasingly challenging. This is especially true for single-molecule sensitive fluorescence imaging and tracking experiments where photobleaching of the fluorophores sets the ultimate experimental limit. To use the limited photon budget efficiently in live-cell experiments and reduce photobleaching and phototoxicity, low irradiation intensities confined to micron-thin planes[@b1], e.g., light-sheet and Bessel beam plane illumination microscopy, have been used also in combination with super-resolution structured illumination microscopy[@b2][@b3][@b4].

Super-resolution microscopy by single-molecule detection and precise position determination (localization microscopy)[@b5][@b6][@b7][@b8] achieves a higher spatial resolution but requires higher irradiation intensities in the kW cm^−2^ range, because switching and activation rates of fluorophores are mainly a function of the laser power applied[@b9]. Total-internal reflection fluorescence (TIRF) microscopy can be used to lower the penetration depth to merely the basal cell membrane. In order to image cell's interior, on the other hand, epi- or highly inclined and laminated optical sheet (HILO)[@b10] illumination are required. Nevertheless, independent of the excitation method used high irradiation intensities generate reactive oxygen species (ROS) through excited-state reactions of endogenous and exogenous chromophores that have a high potential to damage cellular components[@b11].

If the cell cannot handle, i.e., repair, accumulating phototoxic events during irradiation, it will ultimately die. Unfortunately, so far live-cell localization microscopy largely ignored possible phototoxic effects[@b12] or treated them only superficially likely due to the nonexistence of appropriate instrumentation for automated long term live-cell observation. Hitherto, in most studies it was investigated whether the cells are still adherent, changed their shape, or showed other apparent ill effects directly after super-resolution microscopy experiments[@b13][@b14][@b15]. Recently, it has been shown that yeast cells that appeared healthy directly after irradiation with a very low light-dose failed to divide when left overnight, whereas their non-imaged neighbors divided normally[@b16]. Even though the exact mechanism behind light-induced cell damage is still unclear and the irradiation sensitivity will undoubtedly vary among different cell types and irradiation wavelengths[@b17][@b18][@b19], the reported results clearly demonstrate that the simple observation of the cell's appearance directly after irradiation cannot be used as a meaningful photodamage marker.

A variety of non-radioactive cell proliferation assays can be used to estimate the number of viable eukaryotic cells[@b20][@b21]. The MTT assay[@b22] is one of the most popular assays, which can be used to probe cellular metabolism. Here, the tetrazolium salt MTT (3-(4,5-dimethlythiazol-2-yl)-2,5-diphenyltetrazolium bromide) is reduced by cellular reducing equivalents, such as NADH and NADPH, to a blue formazan product[@b23]. The latter is used as indicator for cell viability and measurable via quantitative absorption spectroscopy, e.g., with a plate reading spectrophotometer[@b21].

Here, we used an alternative approach to probe the cell viability after super-resolution microscopy experiments where typically single or only a few cells are irradiated with the required high intensities. We monitored cell survival of irradiated and non-irradiated cells for 20--24 hours and observed microtubule growth after wide-field illumination in epi- and HILO-mode with typical irradiation intensities (0--3 kW cm^−2^) and wavelengths (405--640 nm) used in PhotoActivated Localization Microscopy (PALM)[@b5][@b13] and *direct* Stochastic Optical Reconstruction Microscopy (*d*STORM)[@b14][@b15][@b24]. We investigated the influence of irradiation intensity, wavelength, light-dose, fluorescence labeling, temperature, and reducing agent (ascorbic acid) on the viability of various labeled and unlabeled cultured cell lines.

Results
=======

Degree of photodamage
---------------------

We used U2OS, COS-7 and HeLa cells seeded in petri dishes with an imprinted 500 μm relocation grid, irradiated them under localization microscopy conditions (0--3 kW cm^−2^) and observed them afterwards for 20--24 hours under standard culture conditions using an automated cell observation system. As irradiation time we used 240 s, a typical acquisition time in localization microscopy, sufficient to record 12,000 frames with 20 ms integration time. We used high-power laser light sources to generate the required intensities over a large field of view (65.5 × 65.5 μm) in order to irradiate a few cells per experiment (Online Methods). The laser beams were confined with a rectangular field stop to ensure that only the cells present within the field of view are irradiated. Photodamage analysis was based simply on the fact whether the irradiated cells appear healthy and show cell division during the next 20--24 hour after irradiation or not. We classified the cells in three different photodamage categories. First, cells that appear healthy and show cell division after irradiation, termed 'healthy' ([Fig. 1a](#f1){ref-type="fig"} and [Supplementary Video 1](#S1){ref-type="supplementary-material"}), second, cells that show no or slowed cell division and detachment from the cover slip followed by cell death, termed 'apoptotic' ([Fig. 1b](#f1){ref-type="fig"} and [Supplementary Video 2](#S1){ref-type="supplementary-material"}), and third, cells that do not divide but appear completely immobile attached to the surface, termed 'frozen' ([Fig. 1c](#f1){ref-type="fig"} and [Supplementary Video 3](#S1){ref-type="supplementary-material"}). Frozen cells represent the most damaged type of cells through irradiation. For the sake of convenience we do not differentiate between apoptotic and frozen cells in the following. We simply count cells that survived irradiation and did further progress through the cell cycle like un-irradiated cells and cells that did not further divide and died.

Effect of transfection, dye labeling, and cellular environment
--------------------------------------------------------------

In each experiment we irradiated 20--50 cells and counted the number of 'dead' (apoptotic + frozen) cells ([Table 1](#t1){ref-type="table"}). First, we performed irradiation experiments with U2OS cells at different irradiation intensities (0--3 kW cm^−2^) at 514 nm for 240 s ([Fig. 2](#f2){ref-type="fig"} and [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). We compared wildtype U2OS cells ([Fig. 2a](#f2){ref-type="fig"}), U2OS cells stably transfected with CLIP-H2B ([Fig. 2b](#f2){ref-type="fig"}), and U2OS cells stably transfected with CLIP-H2B and labeled with tetramethylrhodamine (TMR) ([Fig. 2c](#f2){ref-type="fig"}), all irradiated at 21 °C. An additional experiment with U2OS cells stably transfected with CLIP-H2B was conducted at 37 °C ([Fig. 2d](#f2){ref-type="fig"}). From the titration curves ([Fig. 2](#f2){ref-type="fig"}) we determined the intensity where 50% of all irradiated cells died within 20--24 h after an irradiation time of 240 s (*I*~50~) and calculated the corresponding lethal dose LD50 ([Table 1](#t1){ref-type="table"}). These results indicate that transfection of cells increases the photodamage sensitivity already in the absence of fluorophores.

Labeling with fluorophores further promotes phototoxic effects. ([Fig. 2c](#f2){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). Transfection and labeling with an organic fluorophore (here TMR) that absorbs at the irradiation wavelength exhibit comparable photodamage efficiency using U2OS cells. Both, transfection and labeling lower the *I*~50~ irradiation intensity by 20--25% ([Table 1](#t1){ref-type="table"}) stepwise from 0.43 (untreated) via 0.34 (transfected) to 0.24 kW cm^−2^ (transfected and labeled). This implies that genetically modified fluorescently labeled cells require lower irradiation intensities to survive live-cell fluorescence imaging experiments. Furthermore, our finding demonstrates that besides ROS generation by fluorophore triplet states and additional toxicity potentially induced through the attachment of fluorophores to cellular molecules other important phototoxic sources exist.

In addition, our experiments show that cells have mechanisms to repair phototoxic effects when irradiated under ideal conditions at 37 °C and thus can stand higher irradiation intensities. Thereby, *I*~50~ increases by 35% to 0.58 kW cm^−2^. ([Fig. 2d](#f2){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). Furthermore, the photo-resistance of cells can be further improved by the addition of 100 μM ascorbic acid (AA) as a supplement to the imaging medium, thus increasing *I*~50~ by 26% to 0.54 kW cm^−2^ (21 °C) ([Table 1](#t1){ref-type="table"} and [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). After irradiation, the AA buffer was replaced by standard medium and the cells were observed in the live-cell recorder for the next 20--24 h.

Wavelength and illumination-mode dependent phototoxicity
--------------------------------------------------------

The energy of photons used to irradiate cells has a dramatic impact on phototoxicity ([Fig. 3a](#f3){ref-type="fig"} and [Supplementary Table 1](#S1){ref-type="supplementary-material"}). In particular, the photodamage efficiency increases with decreasing irradiation wavelength with the strongest phototoxic effect observed at 405 nm irradiation even at very low intensities, e.g., as typically used for photoactivation of fluorescent proteins in PALM experiments (0.02--0.05 kW cm^−2^)[@b13]. While at 0.2 kW cm^−2^ 488 nm irradiation for 240 s cells do not survive, 100% of cells survive when the wavelength is redshifted to 514 nm although the cells experienced the same light dose of \~48 kJ cm^−2^ ([Fig. 3a](#f3){ref-type="fig"} and [Supplementary Table 1](#S1){ref-type="supplementary-material"}). This small shift of 26 nm shows that cells exhibit a very distinct sensitivity related to the irradiation wavelength. But increasing the intensity at 514 nm to 2 kW cm^−2^ (\~480 kJ cm^−2^) kills all cells, whereas 85% and 100% of all cells survive when irradiating with the same intensity and dose at 558 and 640 nm, respectively. Even when irradiating at 640 nm with intensities of 4--6 kW cm^−2^ (960--1,410 kJ cm^−2^) only weak effects on the cell survival rate are observed (\<5% dead cells, [Fig. 3a](#f3){ref-type="fig"}).

Next, we studied the effect of the irradiation dose at 405 nm. Irradiation with 0.02 kW cm^−2^ was applied at different pulse frequencies (continuous wave (cw), 10, 5, and 1 Hz) and pulse lengths (cw, 500, 100, 50, 20, 10, 2, and 1 ms) resulting in total irradiation times of 2.4--120 s ([Fig. 3b](#f3){ref-type="fig"} and [Supplementary Table 2](#S1){ref-type="supplementary-material"}). For pulsed irradiation the total acquisition time has been kept constant at 240 s. Our data show that pulsed and cw irradiation at 405 nm with 0.02 kW cm^−2^ corresponding to a total irradiation time of 60 seconds (1.2 kJ cm^−2^) is sufficient to kill virtually all irradiated U2OS cells ([Fig. 3b](#f3){ref-type="fig"}). On the other hand, U2OS cells stand a 10^3^-times higher irradiation dose (1,410 kJ cm^−2^) at 640 nm undamaged (cw, 6 kW cm^−2^ for 240 s, [Fig. 3a](#f3){ref-type="fig"}).

Interestingly, the strength of phototoxic effects for cw irradiation is lower than for pulsed excitation applying the same total irradiation time of 24 s, i.e., the same light dose. After cw irradiation with 0.02 kW cm^−2^ at 405 nm for 24 s (0.48 kJ cm^−2^) the survival fraction of cells is \~85%. In contrast, applying the same dose by pulsing the laser with 1 Hz pulse frequency and 100 ms pulse length, i.e., a recovery time of 900 ms between subsequent 100 ms irradiation pulses, decreases the survival fraction to \~10% ([Fig. 3b](#f3){ref-type="fig"}). Increasing the pulse frequency and shortening the pulse length at constant total irradiation time of 24 s does not change the situation ([Fig. 3b](#f3){ref-type="fig"}). This implies that U2OS cells rather withstand phototoxic stress through constant but short irradiation periods of 24 s (irradiation time/acquisition time: 24 s/24 s, 0.48 kJ cm^−2^) than repetitive irradiation pulses over a longer total acquisition time (24 s/240 s, 0.48 kJ cm^−2^) ([Fig. 3b](#f3){ref-type="fig"} and [Supplementary Table 2](#S1){ref-type="supplementary-material"}).

However, if cells are irradiated only for a total irradiation time of 2.4 s, short pulse lengths of 1 ms at a pulse frequency of 10 Hz allow total acquisition times of 240 s (corresponding to 48 J cm^−2^) and thus the observation of dynamic processes without any obvious phototoxic effect ([Fig. 3b](#f3){ref-type="fig"}). Maintaining the light dose constant but increasing the pulse length only slightly, e.g., to 2 ms at 5 Hz pulse frequency, phototoxic effects are again detectable ([Fig. 3b](#f3){ref-type="fig"}). These findings indicate that live-cell single-molecule localization microscopy experiments using 405 nm photoactivation can be performed for short total irradiation times using pulse frequencies of 10 Hz and pulse lengths of 1 ms or less at an irradiation intensity of 0.02 kW cm^−2^.

Irradiating cells for 60 or 120 s (1.2--2.4 kJ cm^−2^) leads to 100% dead cells, no matter whether cw or pulsed irradiation was applied. But pulsing increases the fraction of frozen cells, i.e., from 17% (60 s, cw) to 81% (60 s, 5 Hz) and 79% (120 s, cw) to 93% (120 s, 1 Hz). For the 24 s irradiation scenario, a small fraction of frozen cells (3%) was only observed when the pulse frequency was increased to 10 Hz ([Fig. 3b](#f3){ref-type="fig"} and [Supplementary Table 2](#S1){ref-type="supplementary-material"}). To summarize, our results demonstrate that the total irradiation time especially for 405 nm light has to be kept as short as possible in order to minimize phototoxic effects.

Cell lines
----------

Since it is expected that the photodamage sensitivity will vary between different cell lines, we performed additional experiments with COS-7 and HeLa cells ([Fig. 4](#f4){ref-type="fig"}, [Table 1](#t1){ref-type="table"}). The results show that COS-7 cells exhibit a photo-sensitivity comparable to U2OS cells, whereas HeLa cells are substantially more resistant ([Fig. 4d](#f4){ref-type="fig"}). The *I*~50~ value is about 0.5 kW cm^−2^ at 514 nm (120 kJ cm^−2^) for U2OS and COS-7 cells. The transition area between the lower and upper saturation levels---usually accompanied with huge variability in cell sensitivity (i.e., large standard deviations, compare [Figs 2](#f2){ref-type="fig"} and [4](#f4){ref-type="fig"})---of U2OS and COS-7 are in the range of 0.25--0.75 kW cm^−2^. Here, the increased fluctuation in photo-sensitivity might be due to the fact that cells reside in different stages of the cell cycle. With the applied irradiation intensities at 514 nm, we were unable to achieve 100% dead HeLa cells ([Fig. 4b](#f4){ref-type="fig"}). Even at the highest applied irradiation intensity of 2.5 kW cm^−2^ half of the irradiated HeLa cells survived. This demonstrates that HeLa cells exhibit the highest resistance to phototoxicity among all tested cell lines. The transition point *I*~50~ was determined to 2.8 kW cm^−2^ and is \~5--7 times higher than for COS-7 and U2OS.

'Frozen' cells
--------------

So far, we hardly differentiated between 'frozen' and apoptotic cells ([Fig. 1b,c](#f1){ref-type="fig"}). While in apoptotic cells too many phototoxic effects lead the cell to initiate cell death, frozen cells appear to die instantaneously without any residual mobility as if they would have been fixed by light ([Fig. 1c](#f1){ref-type="fig"}). In fact, upon irradiation at 405 nm with an intensity of 0.24 kW cm^−2^ for 240 s (57.6 kJ cm^−2^) cells are not only fixed but additionally the membrane and cytoskeleton is destroyed ([Fig. 5a](#f5){ref-type="fig"}).

Labeling of cells with Alexa Fluor 647 phalloidin followed by fluorescence imaging directly after irradiation without any additional fixation and permeabilization step demonstrates that only non-irradiated parts of the cell show typical actin filaments, irradiated parts show diffusive background fluorescence ([Fig. 5a](#f5){ref-type="fig"}). Furthermore, the structure was super-resolved using *d*STORM ([Fig. 5c](#f5){ref-type="fig"}). Here, it can be seen that at the edge of the illumination area actin filaments and bundles are sharply disrupted. Labeling of ß-tubulin in suchlike irradiated cells shows similar results, i.e., the membrane and microtubule network is depolymerized upon irradiation of cells at 405 nm with 0.05 kW cm^−2^ for 240 s at 37 °C ([Fig. 5b](#f5){ref-type="fig"}).

Microtubule dynamics as light sensor
------------------------------------

To identify already first signs of light-induced cell damage beyond the crude dead or alive criterion, we performed additional experiments tracking microtubule dynamics after irradiation. To this end, we used HeLa cells stably expressing YFP-tagged end binding protein 1 (EB1). EB1 localizes to microtubule plus ends and modulates their dynamics and interactions with intracellular organelles[@b25][@b26][@b27]. Hence, by tracking the movement of EB1-N-YFP the microtubule growth can be monitored ([Fig. 6a](#f6){ref-type="fig"}). Here it has to be considered that the HeLa cells have been stably transfected and microtubule growth represents a central element of cell viability. Therefore, the irradiation resistance of the HeLa cells may be strongly affected ([Fig. 2b](#f2){ref-type="fig"} and [Table 1](#t1){ref-type="table"}).

The speed of microtubule growth was measured with weak 488 nm irradiation, with an overall irradiation intensity \<10 W cm^−2^ for 10 s (\<100 J cm^−2^), before and after additional irradiation at 558 nm or 640 nm ([Fig. 6b](#f6){ref-type="fig"} and [Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). The low irradiation dose allowed us to balance efficient read out of the YFP signal and phototoxic effects. All cells merely irradiated under these conditions survived (n = 15; [Supplementary Table 3](#S1){ref-type="supplementary-material"} and [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). However, we observed a mean deceleration of microtubule growth from 59 to 53 μm min^−1^ upon irradiation solely at 488 nm i.e., a deceleration by 11%. Additional irradiation with 0.03 kW cm^−2^ at 640 nm for 225 s decelerates microtubule growth by 19% ([Fig. 6b](#f6){ref-type="fig"}). Albeit strong phototoxic effects for irradiation at 640 nm are not expected ([Fig. 3a](#f3){ref-type="fig"}), these results demonstrate that microtubule growth is sensitive to much weaker irradiation intensities. Upon further increase of irradiation intensity at 640 nm microtubule growth slows down by 40--50% of its initial speed ([Fig. 6b](#f6){ref-type="fig"}). This value remains unaffected up to irradiation intensities of 10 kW cm^−2^ at 640 nm ([Supplementary Table 3](#S1){ref-type="supplementary-material"}). For 558 nm irradiation microtubule growth speed decreases to a plateau with 70 to 76% of the initial speed applying irradiation intensities of up to \~2 kW cm^−2^ ([Fig. 6b](#f6){ref-type="fig"}). After irradiation with intensities of \~5 kW cm^−2^ at 558 nm and higher, microtubule growth could not be measured anymore, because of the loss of microtubule primary structure and cell death, respectively ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}).

Discussion
==========

In previous live-cell single-molecule localization microscopy studies the effect of irradiation and potential light-induced damage was judged after irradiation by the immediate appearance of the cells[@b13][@b14][@b15]. In this work, phototoxic effects were studied by observing cell viability after irradiation for a period of 20--24 h. Here, we discovered two different cell death mechanisms ([Fig. 1](#f1){ref-type="fig"}). Apoptotic cells still showed motility directly after irradiation, but died some hours later, whereas frozen cells died instantaneously through irradiation. Therefore, it is hard to judge to which extent apoptotic cells were already damaged during imaging. However, it is certain that through imaging they were damaged to an extent that outreached the cells' repair mechanisms, resulting in cell death later on.

Our results demonstrate that stable transfection of cells reduces photoresistance ([Fig. 2](#f2){ref-type="fig"} and [Table 1](#t1){ref-type="table"}), at which the degree depends on the transfected protein and its importance for cell viability. Thus, it has to be considered that genetically modified fluorescently labeled cells might require lower irradiation intensities to survive live-cell fluorescence imaging experiments. As expected, irradiation experiments with labeled cells indicate that ROS generated through fluorophore triplet states and subsequent singlet oxygen generation damage cells and reduce their photoresistance ([Fig. 2](#f2){ref-type="fig"} and [Table 1](#t1){ref-type="table"})[@b28][@b29]. However, the degree of photodamage remains reasonable at least for standard organic fluorophores with low triplet quantum yields as used in our experiments. Thus, other processes such as the absorption of light by endogenous cellular chromophores and subsequent excited state reactions accompanied by generation of toxic substances, have to be taken into account to explain the observed phototoxic effects.

Generally, cells exhibit a very distinct irradiation sensitivity, i.e., the phototoxicity increases dramatically with decreasing irradiation wavelength ([Fig. 3a](#f3){ref-type="fig"})[@b30]. This is most impressively illustrated comparing the photodamage efficiency through irradiation at 488 nm and 514 nm with an intensity of 0.2 kW cm^−2^ ([Fig. 3a](#f3){ref-type="fig"}). Here, a wavelength shift of only 26 nm suffices to dramatically change the survival rate. Fortunately, irradiation of fluorophores in the near infrared region at, e. g., 640 nm with an intensity \<6 kW cm^−2^ without additional activation at 405 nm, can be considered innocuous[@b14]. However, after irradiation at 640 nm we observed a deceleration of microtubule growth speed ([Fig. 6b](#f6){ref-type="fig"}) indicating that monitoring of microtubule growth speed is a very sensitive photodamage parameter.

Our data also clearly show that the fraction of apoptotic and frozen cells is particularly high at 405 nm irradiation even at a very low intensity of 0.02 kW cm^−2^ ([Fig. 3a](#f3){ref-type="fig"}), the wavelength at which most photoactivatable fluorescent proteins have to be activated over time periods of several tens of minutes in PALM experiments[@b13][@b31]. Furthermore, we discovered that especially shorter wavelength photons can fix cells, permeabilize the plasma membrane and depolymerize the cytoskeleton ([Fig. 5](#f5){ref-type="fig"}). If one would succeed to fix and permeabilize cells without any further cellular destruction by application of a short UV-light pulse one would have an elegant method at hand to freeze a specific cellular state during live-cell fluorescence imaging under low irradiation conditions.

One way to minimize phototoxic effects in PALM experiments is pulsed activation at 405 nm with short pulse lengths of 1 ms at 10 Hz pulse frequency applied for short total irradiation times of only a few seconds ([Fig. 3b](#f3){ref-type="fig"}). In addition, TIRF microscopy can be used to confine irradiation to the cell's basal membrane[@b13]. Therefore, phototoxic effects are reduced when irradiation is performed in TIRF mode[@b19].

Recently, the question how much light biological specimen can withstand was addressed by Ernst Stelzer who suggested the solar constant (\~100 mW cm^−2^, central Europe) as a reference[@b32]. After 600 s sunlight, the energy density is about 0.6 μJ μm^−2^ (60 J cm^−2^). Albeit half of the sun's irradiation energy is in the infrared spectral range, the estimated value is in general accordance with our result of a maximum dose of 48 J cm^−2^ at 405 nm irradiation ([Fig. 3b](#f3){ref-type="fig"}, [Supplementary Table 2](#S1){ref-type="supplementary-material"}) and the result reported by Wagner *et al.* of \~25 J cm^−2^ at 375 nm[@b19].

However, our experiments using pulsed irradiation ([Fig. 3b](#f3){ref-type="fig"}) reveal that the irradiation dose alone does not determine the degree of photodamage. For a total irradiation time of 24 s at 405 nm with an intensity of 0.02 kW cm^−2^ our data unravel that substantially less U2OS cells survive pulsed irradiation than cw irradiation albeit they experienced the same light dose of 480 J cm^−2^ ([Fig. 3b](#f3){ref-type="fig"}). On the other hand, all cells survive pulsed irradiation at 405 nm with pulse lengths of 1 ms at 10 Hz applied for a short irradiation time of 2.4 s ([Fig. 3b](#f3){ref-type="fig"}). This indicates that cells can cope with the concentration of phototoxic molecules generated during 2,400 1 ms irradiation periods. For longer irradiation periods and irradiation times more toxic molecules are generated surpassing the cells' repair capacity.

Whether our results can be applied to other fluorescence and super-resolution microscopy methods remains to be experimentally verified but can be carefully estimated. Confocal laser scanning microscopy operates typically at irradiation intensities of 10--50 kW cm^−2^ yet focuses the energy on a very small spot and uses short irradiation times typically in the range of 10--500 μs per pixel and frame[@b33]. Using these values and a pixel size of \~120 nm we estimate that cells experience a light dose of less than 500 J cm^−2^ per image. That is, according to our studies, cells should survive confocal laser scanning microscopy at irradiation wavelengths of ≥488 nm as long as the total light dose experienced does not exceed a few kJ cm^−2^ ([Fig. 3a](#f3){ref-type="fig"} and [Supplementary Tables 1](#S1){ref-type="supplementary-material"} and [2](#S1){ref-type="supplementary-material"}). On the other hand, it is very likely that live-cell laser scanning microscopy at irradiation wavelengths \<488 nm causes severe photodamage.

Stimulated emission depletion (STED) microscopy uses an additional depletion laser with an irradiation wavelength usually in the red to near-infrared spectral region (typically at 647 or 800 nm), i.e., in a wavelength range where cells survive irradiation intensities of kW cm^−2^ applied for a few minutes ([Fig. 3a](#f3){ref-type="fig"}). However, the irradiation intensity of the depletion laser is typically three to five orders of magnitude higher than the excitation laser because the resolution of STED microscopy scales with the depletion laser intensity[@b34][@b35]. Thus, the total light dose impinging on the cells might easily approach 10^4^--10^6^ kJ cm^−2^ and potentially induce photodamage effects even by irradiation with wavelengths \>600 nm ([Fig. 3a](#f3){ref-type="fig"} and [Supplementary Table 1](#S1){ref-type="supplementary-material"}).

RESOLFT nanoscopy uses photoswitchable fluorescent proteins such as rsEGFP[@b36] and Dreiklang[@b37] as photoswitches. Hence, the applied laser power for activation, readout and photoswitching are reduced to 0.1--10 kW cm^−2^, but lasers in the (ultra)violet and blue spectral range are required, e.g., Dreiklang at wavelengths of 355 nm for activation (0.3 kW cm^−2^, 1 ms), 405 nm for photoswitching (10 kW cm^−2^, 17 ms), and 491 nm for readout (0.8 kW cm^−2^, 2 ms) ([Fig. 3a](#f3){ref-type="fig"})[@b38]. Thus, the corresponding light doses exceed the 48 J cm^−2^ level determined in our study for 405 nm irradiation and induce photodamage ([Fig. 3b](#f3){ref-type="fig"}, [Supplementary Table 2](#S1){ref-type="supplementary-material"}). A way out of this problem offer new improved photoswitchable fluorescent proteins such as rsEGFP2, which require a light dose of only 2--10 J cm^−2^ for photoswitching at 405 nm[@b39], and thus enable photodamage-free super-resolution imaging over longer time periods.

To minimize photodamage problems induced by high peak irradiation intensities in confocal live-cell fluorescence microscopy schemes, light-sheet microscopy is usually applied enabling fascinating studies about the development of living organism also over longer time periods at cellular level[@b1][@b3]. To achieve subcellular resolution, lattice light-sheet microscopy in combination with structured illumination has been developed[@b4]. The method uses ultrathin light sheets which are scanned plane-by-plane through the specimen to generate a 3D image. The laser power of 1--100 μW[@b4] used for excitation of living cells and organisms is similar to confocal microscopy but distributed over substantially larger areas in the focal plane. Therefore, the light dose impinging on the cells is substantially lower than in confocal microscopy approaches and accordingly light-induced cell damage significantly reduced.

Generally, it is assumed that the resolution of wide-field super-resolution microscopy methods comes along with the irradiation intensity. For example, single-molecule localization microscopy achieves typically a lateral resolution of \~20 nm[@b5][@b6][@b7][@b8] but requires naturally also higher irradiation intensities (1--5 kW cm^−2^) than methods which achieve a lower spatial resolution, e.g., structured illumination microscopy (SIM)[@b40]. However, our data clearly demonstrate that living cells can tolerate such high irradiation intensities if excitation is performed at 640 nm or longer wavelengths ([Fig. 3a](#f3){ref-type="fig"}).

As we have seen that HeLa cells withstand much higher irradiation intensities than U2OS cells ([Fig. 4](#f4){ref-type="fig"}) it remains to be tested whether all findings can be directly transferred to other cell lines or living organisms. In addition, cell cycle dependent mechanisms have to be considered. Even within the same population individual cells might respond differently to excessive irradiation[@b41]. This also might explain fluctuations in the photodamage data found in our study ([Fig. 2](#f2){ref-type="fig"} and [Fig. 4](#f4){ref-type="fig"}).

Nevertheless, our results give important advice how to perform live-cell super-resolution microscopy experiments ([Table 2](#t2){ref-type="table"}). The use of switching buffers that include enzymatic oxygen scavenging systems and thiol containing reducing agents will add additional stress to cells in live cell single-molecule localization microscopy experiments ([Fig. 6](#f6){ref-type="fig"}) and should therefore be avoided. Since living cells contain the thiol glutathione at millimolar concentration levels as native reducing agent live-cell *d*STORM in standard media is possible with selected organic fluorophores without addition of external thiols[@b11][@b14][@b24][@b42][@b43][@b44]. Strategies to maintain cell health can be either achieved by reducing the illumination depth through TIRF or single-plane illumination[@b1], or increasing the photodamage resistance, e.g., by imaging at 37 °C and the addition of μM concentrations of ascorbic acid ([Table 2](#t2){ref-type="table"}). At the same time, ascorbic acid could also serve as photoswitching reagent[@b45]. On the other hand, phototoxic effects at high irradiation intensities can be substantially reduced when exciting fluorophores at \>600 nm, motivating the development of new (near infra-) red absorbing photoswitchable FPs and live-cell compatible organic dyes[@b46][@b47][@b48]. Independent of the method and the wavelength used, live-cell super-resolution microscopy experiments require stringent tests to verify that the cellular processes observed are not influenced by the high irradiation intensities.

Online Materials and Methods
============================

Cell culture
------------

All cell lines were cultured at 37 °C and 5% CO~2~. U2OS cells (human osteosarcoma cell line) and COS-7 cells (monkey kidney fibroblast cell line) were grown in DMEM F12 with L-glutamine (Sigma, cat. D8062) supplemented with 10% FBS (Sigma, cat. F7524) and 1% penicillin-streptomycin (Sigma, cat. P4333). HeLa cells (human cervical adenocarcinoma cell line) were cultured in RPMI-1640 medium with L-glutamine (Sigma, cat. R8758) supplemented with 1% MEM Non-essential Amino Acid Solution (Sigma, cat. M7145), 1 mM sodium pyruvate (Sigma, cat. S8636), 10% FBS (Sigma, cat. F7524) and 1% penicillin-streptomycin (Sigma, cat. P4333). All cell lines have been passaged more than 25 times before experiments. Live-cell imaging and irradiation were performed in medium without phenol red: DMEM F12 with 15 mM HEPES (Sigma, cat. D6434) and RPMI-1640 medium (Sigma, cat. R7509). The U2OS CLIP-H2B cell line stably expressing CLIP-H2B was transfected using the transfection reagent FuGENE® HD (promega, cat. E2311) and selected by 0.3 mg/ml G418 (Sigma, cat. G8168). Cells were stained with 0.2 μM CLIP-Cell™ TMR-Star (New England Biolabs, cat. S9219S) for 30 minutes at 37 °C. Afterwards cells were washed three times with medium. Ascorbic acid (100 μM) was added one hour before the experiments. After irradiation, the AA buffer was replaced by standard medium.

*d*STORM
--------

Irradiation and imaging were performed on a widefield setup[@b42]. As laser light sources we used 405 and 488 nm diode lasers (iBeam smart Family, TOPTICA Photonics) with 120 mW and 200 mW total output power, respectively, as well as three optically pumped semiconductor lasers (OPSL, Genesis MX STM-Series, Coherent), i.e., 514 nm, 558 nm and 640 nm with 500, 500, and 1000 mW total output power, respectively. Laser beams were cleaned-up by bandpass filters (Semrock/Chroma) and combined by appropriate dichroic mirrors (LaserMUX, Semrock). Afterwards, they were focused onto the back focal plane of a high numerical oil-immersion objective (Olympus APON 60XO TIRF, NA 1.49), which is part of an inverted fluorescence microscope (Olympus IX71). To separate the excitation light from the fluorescence light, suitable dichroic beam splitters (Semrock) were placed into the light path before the laser beams enter the objective. Fluorescence light collected by the objective was filtered by appropriate detection filters (Semrock/Chroma) and imaged with additional optical magnification by an EMCCD camera with 512 × 512 pixels (iXon Ultra 897, Andor Technology). The achieved pixel size was 128 nm/px.

Irradiation and determination of photodamage
--------------------------------------------

For irradiation experiments cells were seeded in petri dishes with an imprinted 500 μm relocation grid (ibidi, cat. 81168) one or two days before the experiment. Cells were irradiated with the desired wavelength at 21 °C unless otherwise stated, a defined laser intensity and for a particular time (240 s unless stated otherwise) in EPI or in HILO mode. The experiments duration was kept constant at 2.5 hours. Using a rectangular field stop (OWIS) irradiation was restricted to cells present in the defined field of view of 65.5 μm × 65.5 μm. To achieve virtually homogeneous irradiation over the entire field of view the laser beams were largely expanded. The irradiation intensity varied between 6 and 12% from the center to the edge of the field of view ([Supplementary Fig. 7](#S1){ref-type="supplementary-material"}). The laser power was measured above the objective using a laser power meter (LabMax-TO, Coherent). The illuminated intensity in HILO mode was ascertained as described by Tokunaga *et al.*[@b10]. According to errors in the adjustment of the field stop, the determination of the incidence angle and the measurement of the laser power we assume an uncertainty in intensity assignment of about 5--6%. For experiments at 37 °C a custom build incubation chamber was used, which was put on the x-y stage of the microscope.

After illumination of several cells, the medium was changed against fresh medium and irradiated cells were observed in a live cell recorder (BioStation IM, Nikon) for the following 20--24 hours (0.2 images min^−1^). The recorded images were assembled to an image stack for cell damage analysis.

Microtubule and actin staining
------------------------------

Cells of the stable U2OS CLIP-H2B cell line were seeded in petri dishes with an imprinted 500 μm relocation grid (ibidi, cat. 81168) one or two days before the experiment. They were irradiated at 405 nm for 240 s at 37 °C with an intensity of 0.05 kW/cm^2^ for microtubule staining and 0.24 kW cm^−2^ for actin staining. Microtubules were stained with 1 μM SiR-taxol[@b44] in medium for 30 minutes at 37 °C. Actin was stained with 33 nM Alexa Fluor 647 phalloidin (Molecular Probes, cat. A22287) in PBS for 30 minutes at room temperature. Cells were washed with PBS and imaged at 640 nm using a 679/41 single-band bandpass filter (Semrock). For *d*STORM imaging phosphate buffered saline (pH 7.4) containing the following components was used as switching buffer: 100 mM β-mercaptoethylamine (AppliChem, cat. A1546), 4% glucose (w/v) (Merck, cat. 108337), 10 U ml^−1^ glucose oxidase (Sigma, cat. G2133), 200 U ml^−1^ catalase (Sigma, cat. C100)[@b49].

Microtubule tracking
--------------------

The stable cell line HeLa EB1-N-YFP was given to us by the Medical University of Innsbruck (Molecular Pathophysiology, Prof. Dr. Stefan Geley). All measurements were conducted at the setup described above at 37 °C. MT-growth was recorded for 50 s by exciting EB1-N-YFP with 488 nm at minimal intensities (\<10 W cm^−2^) within the HiLO mode before and after irradiation of the cell. In these measurements, the 488 nm laser and the EMCCD camera were synchronized by a pulse generator (DG645, Stanford Research Systems, Gilching, Germany), i.e., 2 Hz pulse frequency and 100 ms integration time to minimize irradiation effects. Cells were irradiated for 225 s with 558 nm and 640 nm laser excitation in the Epi mode with different intensities, respectively (0--4.48 kW cm^−2^ and 0--10.09 kW cm^−2^). Tracking of the EB1-spots and computation of the microtubule growth speed were performed using the software Imaris (Bitplane, Zurich, Switzerland). The median of the MT-growth speed before and after irradiation were subtracted and the percentage of deceleration calculated.
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![Classification of photodamage effects using U2OS cells in three categories.\
(**a**) Non-irradiated healthy cells ([Supplementary Video 1](#S1){ref-type="supplementary-material"}), (**b**) apoptotic cells irradiated with an intensity of 0.49 kW cm^−2^ at 514 nm for 240 s ([Supplementary Video 2](#S1){ref-type="supplementary-material"}), and (**c**) frozen cells irradiated with an intensity of 1.5 kW cm^−2^ at 514 nm for 240 s ([Supplementary Video 3](#S1){ref-type="supplementary-material"}). Images were taken 1.15 h (t1), 6.15 h (t2), 10.30 h (t3), and 16.30 h (t4) after irradiation. The red rectangle in (**b**) and (**c**) shows the irradiated cells. Dashed arrows mark dividing cells, continuous arrows apoptotic cells, and arrowheads frozen cells. Scale bar, 50 μm.](srep15348-f1){#f1}

![Dependence of cell survival on irradiation intensity at 514 nm for 240 s of differently modified U2OS cells.\
(**a**) Wildtype cells irradiated at 21 °C, (**b**) cells stably transfected with CLIP-H2B irradiated at 21 °C, (**c**) cells stably transfected with CLIP-H2B and labeled with TMR, irradiated at 21 °C and (**d**) cells stably transfected with CLIP-H2B irradiated at 37 °C. Red dots are masked data points and were not considered for fitting. Error bars are given as one standard deviation. For each data point 20--50 cells were irradiated ([Table 1](#t1){ref-type="table"}).](srep15348-f2){#f2}

![Wavelength, intensity, and irradiation-mode dependent phototoxicity.\
(**a**) Wavelength and intensity based phototoxicity upon cw irradiation for 240 s. (**b**) Cell death as a function of the irradiation light dose at 405 nm with an irradiation intensity of 0.02 kW cm^--2^ (pulsed vs. cw mode). Under pulsed irradiation conditions the total acquisition time was always 240 s. \*No dead cells were observed. Error bars are given as one standard deviation. For each data point 10--50 cells were irradiated ([Supplementary Table 1](#S1){ref-type="supplementary-material"} and [2](#S1){ref-type="supplementary-material"}).](srep15348-f3){#f3}

![Cell line dependent photodamage efficiency.\
(**a**) U2OS, (**b**) HeLa, and (**c**) COS-7 cells were irradiated at 514 nm with varying intensity. (**d**) Corresponding *I*~50~ where 50% of the cells died (LD50). Error bars are given as one standard deviation. For each data point 20--50 cells were irradiated ([Table 1](#t1){ref-type="table"}).](srep15348-f4){#f4}

![Imaging the cytoskeleton of a frozen U2OS cell without additional chemical fixation and permeabilization.\
(**a**) Epi-fluorescence image of f-actin. The upper part of a U2OS cell (yellow dashed line) was irradiated with 0.24 kW cm^−2^ at 405 nm for 240 s at 37 °C and stained with Alexa Fluor 647 phalloidin. Only the unirradiated lower part of the cell shows an intact actin network. F-actin in the upper part is completely destroyed. (**b**) Epi-fluorescence image of microtubules. The U2OS cell was irradiated with 0.05 kW cm^−2^ at 405 nm for 240 s at 37 °C and stained with SiR-Taxol[@b46] (**c**) *d*STORM image of the actin structure shown in a). Scale bars, 10 μm.](srep15348-f5){#f5}

![(**a**) Live-cell recording of EB1-N-YFP transfected HeLa cells. Movement of a single EB1-N-YFP molecule is shown. Dashed arrow in yellow indicates individual EB1 track, arrow heads depict the same EB1 molecule ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). (**b**) Deceleration of EB1 movement depends on the irradiation intensity at 558 nm (magenta) and 640 nm (black) (median).In absence of additional irradiation at 558 nm and 640 nm the microtubule growth speed decreases due to irradiation at the excitation wavelength of EB1-N-YFP at 488 nm with an intensity of \<0.1 kW cm^−2^. Solid lines were used to guide the eye. Cells were irradiated at 37 °C for 225 s. The number of tracks analyzed per data point is given in [Supplementary Table 3](#S1){ref-type="supplementary-material"}. Scale bar, 5 μm.](srep15348-f6){#f6}

###### Effects of intracellular and environmental conditions on photo-sensitivity of cells.

                       Conditions    *I*~50~ (kW cm^−2^)[a](#t1-fn1){ref-type="fn"}   LD50 (kJ cm^−2^)   Number of cells                        
  ------------------- ------------- ------------------------------------------------ ------------------ ----------------- ------- ------------- -------------
  U2OS                  untreated                     0.43 ± 0.01                       1.06 ± 0.02           104.4        254.1       404       36.7 ± 19.2
  transfected          0.34 ± 0.02                    1.31 ± 0.06                           81.6              313.9         707    22.1 ± 17.7  
  transfected+TMR      0.24 ± 0.01                    1.38 ± 0.03                           58.4              331.6         599    20.7 ± 10.8  
  transfected+37 °C    0.58 ± 0.05                    1.06 ± 0.03                          138.4              253.6         385    42.8 ± 14.1  
  transfected+AA       0.54 ± 0.06                        n.d.                             129.6              n.d.          458    28.6 ± 21.7  
  COS-7                 untreated                     0.53 ± 0.01                       0.88 ± 0.04           126.5        211.6       239       26.6 ± 3.5
  HeLa                  untreated                     2.82 ± 0.62                           n.d.              677.5        n.d.        256       32.0 ± 8.8

If not otherwise stated, cells were irradiated at 21 °C. I~50~ value is the intensity where 50% of the irradiated cells died after imaging at 514 nm for 240 s. U2OS cells were transfected with CLIB-H2B and optionally imaged with TMR, at 37 °C, or supplemented with 100 μM ascorbic acid (AA).

^a^Errors are standard errors from data fits.

^b^Errors are given as one standard deviation. n.d., not determined.

###### Recommendations for live-cell single-molecule localization microscopy experiments.

  Parameter                 Recommendation                       Example
  ------------------- --------------------------- --------------------------------------
  Wavelength                     High                             640 nm
  Intensity                       Low                     \<6 kW cm^−2^ (640 nm)
  Activation                      No               ATTO 655[\*](#t2-fn1){ref-type="fn"}
  Cell type                Photo-insensitive                       HeLa
  Illumination type    Reduced penetration depth                   TIRF
  Temperature                Physiological                        37 °C
  Switching buffer                No                       cell culture medium
  Protecting agents            Depending                            AA

AA, ascorbic acid.

^\*^Ref. [@b14].
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